The paper presents the results of studies on the possibility of using magnetic nanoparticles modifi ed with selected hydrophobic surfactants for model post-production water purifi cation. Colloidal solutions of iron hydroxide (III) and iron oxide (II and III) were obtained and their particles were subjected to surface modifi cation using surfactants. Thus obtained magnetic fl uids were used as active agents in the process of removing selected organic dyes from their aqueous solutions. The effectiveness of the modifi ed compounds was analysed using spectrophotometric methods. It has been shown that the effectiveness of the process depends on the type of surfactant used to modify selected magnetic nanoparticles.
INTRODUCTION
In order to improve the quality of water, various desalination and purifi cation methods are used, with particular emphasis on water intended for human consumption. These methods include, inter alia, the use of the phenomena of adsorption, biodegradation, photodegradation, catalysis, photocatalysis, etc. Most of them are based on the use of advanced materials, such as: oxidants The presence of dyes in water is a serious problem for many industries, especially pulp and paper, dyestuffs, textiles and cosmetics. Even small amounts of dyes (of the order of several ppm) are undesirable. They cause discolouration of water, give it an unsightly appearance and disrupt life processes that occur there 7 . Most dyes are not biodegradable, reduce light penetration into water and inhibit the processes of photosynthesis.
Due to their unique properties, porous materials, especially porous carbons (e.g. activated carbons, microporous activated carbon fi bres) and functional polymers are widely used in industrial processes of removing impurities from water and air 8 . These compounds can be effectively used in purifi cation processes due to their high surface area, high porosity, slight chemical activity and high mechanical strength.
One of the most interesting water treatment methods involves using the effect of magnetic fi eld on a fl owing liquid stream. So far, a magnetic fi eld has been used to remove limescale deposits from vessels. Here, it is necessary to use appropriate magnetizers. Easy application and environmental neutrality are the advantages of the method.
The effect of magnetic fi eld can also be successfully used to remove organic contaminants such as dyes.
Magnetic liquids
Magnetic fl uids or ferrofl uids are colloidal suspensions of magnetically active particles in non-magnetic carrier liquid. The average size of the particles is 10 nm. Generally, magnetic fl uid comprises 5% of ferromagnetic particles, 10% of surfactants and 85% of carrier fl uid 9 . Magnetic fl uids are used among others as active vibration damping or sealing substances
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. In addition, they are used in recycling for separation of metal pieces, and in various devices for noise reduction. Next to the technological applications, they are widely used in medicine (e.g. blocking the blood supply to tumour cells or treatment by local, artifi cial increase in temperature).
This paper presents the test method for the synthesis of magnetic nanoparticle systems, based on a magnetite structure modifi ed with selected surfactants. Surfactants are substances which are soluble both in polar and non--polar fl uids due to their amphiphilic properties resulting from their characteristic asymmetric chemical structure. This asymmetric structure determines the behaviour in relation to different phases constituting the system, which in turn translates into the arrangement of the surfactant molecule and determines the surface activity manifested by decreased surface tension of the liquid. The structure of surfactants also determines the possibility of their adsorption onto the particles of other substances of opposite surface charge.
Apart from surfactants, the studies used the colloidal solution of iron hydroxide (III) and iron oxide (II, III). The surface of the thus defi ned magnetic core of the particle was chemically modifi ed using long-chain surfactants and the sorption properties of the resulting magnetic fl uid particles were described. The possibility of their use for the purifi cation of water containing selected organic dyes as model pollutants was also evaluated.
EXPERIMENTAL PART
The main objective of the studies was to determine the sorption properties of the synthesized particles and check the possibility of using thus obtained magnetic nanoparticles for the purifi cation of water containing selected organic dyes. In order to quantify the effectiveness of the compounds obtained, the removal degree of dye molecules by the obtained magnetic fl uids modifi ed with selected surfactants was evaluated using a spectrophotometric method. The measurement of decrease in absorbance of model dye solution treated with magnetic nanoparticles and the external magnetic fi eld was analysed.
The results obtained refer to the preparation of magnetic nanoparticle systems, based on the structure of magnetite (Fe 3 O 4 ) and iron hydroxide (III), the surface of which was modifi ed with selected anionic and cationic surfactants. The reaction resulted in adsorbents the task of which was to neutralize the selected organic dyes: methyl orange, crystal violet, Congo red and bromothymol blue and methylene blue.
MATERIALS
Sodium dodecyl sulfate (SDS, Merck), bis-(2-ethylhexyl) sodium sulfosuccinate (AOT, Sigma), hexadecyltrimethylammonium bromide, CTAB (Tokyo Kogyo Kassei) hexadecylpyridinium chloride, CPC (Merck), sodium hydroxide (POCh Gliwice) chloride iron (III) (POCh Gliwice), isopropanol (POCh Gliwice), methyl orange (POCh Gliwice), Congo Red (POCh Gliwice), Mohr's salt (POCh Gliwice), bromothymol blue (POCh Gliwice), methylene blue (POCh Gliwice), crystal violet (POCh Gliwice).
Iron oxide (II, III) is a substance with magnetic properties which occurs in nature as a mineral called magnetite. This oxide crystallizes in a regular system, producing black spinel crystal structures. It is characterized by ferrimagnetic properties. Iron hydroxide (III) exists in nature in a partially dehydrated form as goethite and lepidolite. Due to its characteristics, it is used for water purifi cation.
Preparation of magnetic nanoparticles
Iron hydroxide (III) was prepared according to the following equations: FeCl 3 + 3H 2 O → Fe(OH) 3 These solutions of iron hydroxide (III) and iron oxide (II and III) were washed several times with redistilled water, using the external magnetic fi eld produced by neodymium magnets to separate the product from the post-reaction mixture (Fig. 1) .
Surface modifi cation with surfactants
Basic solutions of respectively synthesized iron oxide (II and III) and iron hydroxide (III) were modifi ed with specifi c surfactants.
Suitable proportions of the solutions of Fe 3 O 4 and iron hydroxide (III) suspension (for example, in a volume ratio of 1:2) were mixed with solutions of selected surfactants. As a result, a crude product in the form of sludge was obtained. In order to remove unreacted surfactant particles, the resulting post-reaction mixture was washed repeatedly with redistilled water. The modifi cation resulted in products in powder form (Figs. 2 and  3) . The reaction product obtained was in gel form only after the modifi cation with bis(2-ethylhexyl) sodium sulfosuccinate (AOT). In further studies, these products were used without undergoing additional modifi cations of their physical form. The adsorption properties of the modifi ed magnetic nanoparticles obtained were tested in the model systems of organic dye solutions, the concentrations of which were chosen to show individual absorbance values. In order to determine the removal effi ciency of dyes tested from their aqueous solutions, a change in dye concentration by the action of the modifi ed iron compounds was determined using a spectrophotometric method. Absorbance measurements were performed using a Genesys II spectrophotometer (Milton Roy) at intervals of 5 min for 60 min. Kinetic studies were carried out at wavelengths corresponding to the maximum absorption of dyes studied.
RESULTS
In order to quantify the removal effi ciency of dyes tested from their aqueous solutions with the surface-modifi ed iron hydroxide (III), the concept of a relative percentage effi ciency coeffi cient (E) of removing individual dyes was introduced and defi ned by the equation:
where:
A 0 -initial absorbance of the test dye solution (before the process of adsorption), A 1 -absorbance of the test dye solution determined after treatment with modifi ed iron hydroxide (III).
The study of adsorption of methyl orange and bromothymol blue from their aqueous solutions using iron hydroxide (III) modifi ed with sodium dodecyl sulphate showed a correlation of the amount of adsorbed molecules and the amount of adsorbent -the maximum values were: 89% for bromothymol blue, 43% for crystal violet and 63% for methyl orange. The adsorption of Congo red molecules showed no dependence on the amount of adsorbent and remained at an average of 58% (Table 1) .
The studies on the use of bis(2-ethylhexyl) sodium sulfosuccinate (AOT) for surface modifi cation of iron hydroxide (III) have shown that this method of surface modifi cation is less effi cient. Lower reduction of dye concentration was obtained than in the case of iron hydroxide (III) modifi ed with sodium dodecyl sulfate. Reduction degrees for the modifi cation with AOT are as follows: 15% for methyl orange, 26% for bromothymol blue, 11% for crystal violet and 60% for Congo red.
The results of absorbance measurements of dyes treated with magnetic fl uids modifi ed with surfactants made it possible to determine the process effi ciency using iron oxide (II, III). A relative change in the absorbance of dye solution by the action of iron oxide (II, III) modifi ed with surfactants was analysed. The adsorbent mass was 0.1 g and the volume of the purifi ed system was 15 cm 3 . Figure 4 shows the kinetics of purifi cation of aqueous solutions of methyl orange, crystal violet and methylene blue using magnetic nanoparticles modifi ed with the cationic surfactant. The largest decrease in relative absorbance was observed for methyl orange. The anionic dye is removed most effi ciently by the cationic surfactant. In the case of removing dyes with anionic surfactant-modifi ed particles, a decrease in absorbance was observed for crystal violet and methylene blue.
The studies have shown that iron oxide (II and III) modifi ed with the anionic surfactant -sodium dodecyl sulfate is the most effective (Fig. 5) . Relative absorbance decreased most signifi cantly when removing the cationic dyes -crystal violet and methylene blue (relative absorbance decreased during the fi rst 15 minutes of measurement).
The quantitative analysis of dye adsorpted from the aqueous solution by magnetic liquid modifi ed with selected surfactants is presented as a dye concentration change Table 1 . Effect of iron hydroxide (III) modifi ed with surfactants on the removal effi ciency of selected dyes from model solutions.
The volume of the treated system is 6 cm with surfactants as a potential substance removing organic dyes from water reservoirs.
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after 60 minutes of measurement. Figure 6 presents the activity of iron oxide (II and III) modifi ed with the cationic surfactant -cetyl pyridinium chloride (CPC) and the anionic surfactant -sodium dodecyl sulfate (SDS). The experiments showed that SDS removed half (49%) of the crystal violet molecules from the solution. The effectiveness of CPC was 4%. The concentration of methyl orange bound to the magnetic fl uid modifi ed with CPC was 80%. When using SDS, no dye molecule adsorption was observed. Iron oxide (II and III) modifi ed with SDS gave the best results when removing methylene blue from the aqueous solutions -40%. The CPC-modifi ed magnetic fl uid allowed the capture of as little as 3% of the dye molecules from the solution.
CONCLUSIONS
The iron compounds: iron oxide (II, III) iron hydroxide (III) treated with selected surfactants were used to test their ability to purify water contaminated with organic dyes. The conducted experiments made it possible to determine a correlation of relative absorbance and time. The kinetics of binding dye molecules by magnetic liquid modifi ed with selected surfactants was determined. It has been found that the effi ciency of water purifi cation using magnetic nanoparticles tested depends on the type of surfactant and the chemical structure of dye. It has been shown that methyl orange is much more effi ciently adsorbed from aqueous solutions by iron oxide (II and III) modifi ed with the cationic surfactants than crystal violet and methylene blue. Molecules of methylene blue and crystal violet are effectively captured by magnetic fl uid modifi ed with the anionic surfactant. The subject of subsequent studies should be to determine the effect of charge of the active part of surfactant or dye and the possibility of interactions between the aromatic rings of surfactants and dyes on the kinetics and effi ciency of the adsorption process in these systems.
The effi ciency of purifi cation of the model dye solutions using iron hydroxide (III) modifi ed with surfactants also depends on the type of surfactant used. Higher dye adsorption effi ciency was demonstrated when using sodium dodecyl sulfate (SDS).
The studies confi rm the effectiveness of the water purifi cation method using iron hydroxide (III) modifi ed 
